Abstract
INTRODUCTION
The original Michelson-Morley experiment (1) currently plays a very important role in our understanding of twentieth-century physics. Their experiment sought to detect the ether that MaxwelF 2) had postulated as the medium for the propagation of light. The null result obtained by the experiment was taken as evidence that no such ether exists. The ramifications go far beyond light propagation. The Maxwell equations present a more general problem of Galilean noninvariance which can be cured either by modifying the equations, ,~ la Hertz, or by dispensing with space and time invariance, a la Lorentz. ( 3) The latter having been the approach taken, it required a justification. Without a physical ether to explain length contraction and time dilation, Einstein's mathematical theory of special relativity (4) became the only apparently viable explanation.
But within this same time period a conflicting line of thought has also been developing. Curiously the same Michelson is involved. The MichelsonGale experiment (s) confirmed a much smaller-scale experiment by Sagnac (6) demonstrating that countertraveling waves accrue a phase shift that is linear in rotation velocity. This means that velocity due to rotation can in principle be detected without external reference. But according to special relativity, linear velocity cannot be so detected. Numerous experiments continuing into modem times support both statements. (7) But there is an obvious conflict: with speed v equal to rotation radius r times rotation angular rate co, one can imagine increasing r and decreasing co indefinitely, while holding v constant and making it ever more nearly linear. So when does v cease to be, in principle, detectable?
Could it be possible that velocity, even linear velocity, would in principle 82 be detectable after all? An earlier experiment by Silvertooth (8~ attempted to answer in the affirmative. The experiment compared intensity signals from two detectors, (9~ one viewing the interference of cotraveling waves, and the other viewing the interference of countertraveling waves. The latter sensor was specially designed and fabricated for the purpose. (10) In the experiment the optical paths controlling the two interferences were varied together. Assuming velocity-insensitive speed of light, the intensity signals ought to change together when the optical path lengths change together. That is, if physical dimensions are such that both intensities start out at maximum, then equal path variations ought to reduce them both by the same amount. For continuing path variations, the two signals ought to oscillate together between maximum and zero. They did not in fact do this: there was systematic evolution of the relationship between the two intensity signals.
The significance of the earlier experiment has since been debated in the literature.O1-15) Some of the debate has been based on a simple semantic confusion. Silvertooth suppressed noise in his experiment by mechanically dithering the path variation imposed and filtering the intensity signals for content at the dither frequency. From the phase between the output dither signals he could tell if the intensities were varying together or contrary to each other. Thus the concept of "dither phase" is important to the description of the experiment. But the term "dither phase" was sometimes abbreviated to just phase and was then understood by some to mean optical phase. Optical phase would of course be undetectable, and that fact has been the basis for misdirected criticism of the experiment.
Silvertooth/8~ held that the departure from expected behavior was indica- tive of an underlying velocity that affected the speed of light. The velocity magnitude could readily be inferred from the experiment data and was of order c/lO00. Silvertooth held that this inferred velocity was probably dominated by a velocity relative to an absolute frame of reference defined by the now well-known anisotmpy of cosmic background radiation at approximately 3 K. (16) But if this were really the case, it would imply the existence of a preferred inertial coordinate frame, contrary to the most fundamental assumption in special relativity theory. Prompted by the involvement of a Sagnac-type interfemmeter in the experiment, Whitney O5) suggested that the velocity detected might have been rotational and thus beyond the scope of special relativity theory. But the large magnitude of rotation velocity to be accounted for requires a truly cosmic interpretation. It excludes the Earth's diurnal rotation and its annual orbit around the Sun as significant contributors, leaving only the orbital motion of the Sun within the Milky Way Galaxy as a viable explanation. This is certainly a very nearly linear motion. If detectable, it leads one to ask when, if ever, special relativity actually applies.
The ultimate choice among competing interpretations will require further data and hence further experimentation. The present experiment is a step in this direction. Here we attempt to simplify the experiment configuration, expand the description of the data it produces, and better explain the analysis applied to the data.
EXPERIMENT CONFIGURATION
The original Silvertooth experiment configuration was quite complex, having two separate interferometers with two separate laser sources and three moving parts. In the present configuration the Sagnac-type interferometer encloses zero area so that area is not a potential issue. Just one laser is used so that correlation between two lasers is not an issue. And one moving part is eliminated so that possible sensitivity to positional variabilities is reduced.
The simplified experiment configuration can be explained systematically by starting with a basic Michelson-Morley configuration and gradually ap- The return beams from the two arms of the interfemmeter interfere at PD and form a pattern of concentric rings, usually observed slightly offset so that one sees a handful of fringes. In the original Michelson-Morley experiment the interfemmeter was rotated through various positions. The observable fringes were found not be affected by any such rotation. This was taken as evidence that the speed of light was a constant c, independent of direction.
Figure l(b) shows the Michelson-Morley setup upgraded with a laser and augmented with devices to move one of the mirrors in order to vary the length of one of the arms. There is a micrometer for coarse motion and a piezoelectric transducer for fine motion. For convenience there is also a turning flat. Given the result of the original Michelson-Morley expeirment, the turning flat has no effect on the signal at PD.
At PD the fringe pattern is centered, so that PD sees just the central spot of the pattern. Then as mirror M1 is moved, the intensity at PD oscillates between maximum and zero. Given laser wavelength ~, a displacement of M1 by distance L/2 produces a full cycle of intensity variation at PD. This provides a reference against which to compare additional signals that will now also be described.
Figure l(c) shows the Michdson-Morley setup further augmented with an additional beam splitter and sensor. The beam splitter BS2 samples the two countertraveling waves in the second arm of the interferometer. The standingwave sensor SWD monitors the interference between the sample beams. The light paths from BS2 to SWD are contrived to form a figure eight, so that they will enclose zero total area and not constitute a conventional Sagnac interferometer. Filters F1 and F2 are added to equalize the intensities of beams interfered at PD and SWD. The sensor SWD is forced to move along with M1 by having them both tied to a movable table that is driven in translation by the micrometer and the PZT. The variable x measures the translational offset of SWD and BS2. The interference state at SWD is essentially equivalent to that at x.
To compare the signals at PD and SWD as carefully as possible, any noice should be suppressed. One way to do this is by imposing a low-frequency dither input and then filtering the outputs for that frequency. Figure l(d) shows the experiment setup further modified in order to do this. A sine wave generator dithers PZT2 and also triggers the oscilloscope that displays the sine wave outputs from PD and SWD.
Figure 2(a) shows the actual experimental apparatus in its housing. During operation, the experiment is enclosed by a thin plastic sheet to reduce air currents. The key standing-wave sensor SWD is held by the large cylindrical container visible at the center of the photo. This container is attached to a horizontal plate, at each end of which there is a sheet of tempered steel shim stock to allow parallel motion of the sensor. Two small knobs near the right-hand end control micrometer motions that allow the sensor and its two input beams to be aligned. The large circular disk to the right is a variable filter used to equalize the intensities of the beams going to SWD. Figure 2 (I)) shows the novel sensor SWD. In the large end is a substrate with a semitransparent photocathode surface. This assembly produces an output signal that is maximum when the two input beams are in phase at the photocathode surface, zero when they are out of phase. At the other end is a five-stage photomultiplier tube that amplifies the signal generated. One of the vertical steel shims mentioned in the description of Figure 2 (a) can be seen above and behind the photomultiplier tube.
EXPERIMENT RESULTS
At 300 Hz the dither frequency of the M2 mirror is very low compared to the laser optical frequency v. So its only observable effects are dither in the time-average intensity levels observed at the two sensors, PD and SWD. The oscilloscope allows amplitude and phase comparison between the dithered signals detected at PD and SWD.
Figure 3(a) shows the first such comparison. The path lengths in the interferometer are such that the two signals are in phase with each other, and of maximum possible amplitude. If x is now changed slightly by PZT1, the two signals stay in phase, but decrease in amplitude. Changing x by a quarter wave makes both signals go to zero.
Clearly, as x moves, intensity peaks and valleys traverse PD and are traversed by SWD. Let us refer to these peaks and valleys as fringes. In Fig.  3 (a) the fringes are exactly in phase with each other, so that dither produces the same output from both. The dither output is maximum amplitude when the nominal x centers on the midpoint of a fringe edge. Displacement by a quarter wave then centers the dither on a fringe peak or fringe valley, whereupon the only output is at twice the input frequency, which is filtered out before display on the scope. We believe that this behavior means the fringes at PD and SWD are now exactly interleaved with each other, so that when dither excursion moves toward a peak on one fringe pattern, it necessarily also moves toward a valley on the other fringe pattern and vice versa. Displacement by a quarter wave then centers the dither on a peak of one fringe pattern and on a valley on the other one, so the only outputs are again at the filtered double frequency. Figure 3(c) shows the situation at a value of x halfway between those for Figs. 3(a) and 3(b) . Here, maximizing the amplitude from one sensor results in zeroing the amplitude from the other sensor. Displacement by an eighth of a wave exchanges the traces: whichever one was small amplitude becomes large amplitude and vice versa.
We believe this behavior means that the fringe patterns at PD and SWD are misaligned with each other such that the peaks and valleys of one pattern coincide with the edge midpoints of the other pattern.
Evidently the relationship between oscilloscope traces from PD and SWD changes systematically from dithered-in-phase to dithered-out-of-phase as x is varied. The experiment measures the value D of the displacement in x such that the relationship reverses. A measurement consists of first adjusting the micrometer/PZT1 combination until the in-phase condition is observed, then reading the micrometer, then adjusting the micrometer/PZT1 combination again until the out-of-phase condition is observed, then reading the micrometer again, and finally differencing the two micrometer readings.
The magnitude D of the displacement x required for phase reversal described varies with the diurnal rotation of the Earth. A minimum displacement Do occurs at 12-hr intervals, with D becoming unmeasurably large at the halfway points in between. This behavior implies a dependence on orientation with respect to fixed stars. by Ax, one of the two paths to PD changes by 2 Ax, while each of the two paths to SWD changes by 1 Ax. In terms of time-averaged intensities, and hence observable dither amplitude and phase, these path changes ought to change both output signals in exactly the same way.
But this is not what happens experimentally. Instead, the number of fringes traversed by SWD generally differs from the number of fringes traversing PO. This can only mean that the fringes traversed by SWD differ in length from those traversing PD, and hence that wavelengths perpendicular and parallel to x differ. Since the temporal frequency of optical oscillations in the experiment is fixed by the laser, the propagation speeds perpendicular and parallel to x must also differ.
One conventionally acceptable reason might be that coordinate x exists in a frame that is not inertial. For example, there could be an underlying rotation with a velocity component parallel to x. Then a propagation path parallel to x that measures some length Lr in the rotating frame actually has a different length Li in inertial space. This implies that in the rotating frame the propagating speed is Is all this real? A measurement takes only about a minute to accomplish, so we do not believe that any sort of electronic or thermal drift is causing the effect. Because the oscilloscope traces are so clean, we believe the difference between the in-phase condition and the out-of-phase condition is not an artifact of noise. Because the measurement is inherently a difference, we believe it is not dominated by any kind of bias.
How accurate are the measurements? At any 0 the D can, in principle, be measured by counting the fringes elapsed at PD. The presence of signal noise can, of course, make the detection of the exact phase condition difficult, but the measurement is much facilitated by the filtering involved. Given perfect noise suppression, the displacement can, in principle, be measured to within a quarter of a wavelength ~.. But with our 0.63 ~tm laser source, the observed Do corresponds to about 400 fringes. Without sophisticated instrumentation not yet available to us, there are too many fringes to count very reliably. Instead, we have used the direct micrometer reading. So instead of being accurate to k/4 = O. 16 Bm, the measurements are really only good to 1/10 000 in., or 2.54 Bm.
In addition, there is some uncertainty associated with aligning the apparatus with respect to the constellation Leo on different days and with judging that the dither traces at PD and SWD are exactly inphase or exactly out-of-phase. The latter especially limits the accuracy with which Do can be stated. Considering the line widths as compared to the cycle lengths shown in Figs. 3(a) to (c), we believe we have at best Do = O. 125 mm -4-5%.
(lb)
CONCEPTUAL ANALYSIS
Under conventional assumptions the difference between dithered outputs at PD and SWD ought to be insensitive to changes in x. &~suming the speed of light c governs the propagation of all optical signals in the system, the dithered outputs at PD and SWD should differ by an amount depending only on the path lengths of the various interfered beams. When x is varied 
Propagation forward and back to PD should then have produced a phase shift between the two arms differing in second order from what it would have been without the variation:
Michelson and Morley rotated their apparatus in order to reverse the second-order phase shift and display the reversal in the form of interferometric fringe shifts. But they found nothing, and the physics community has generally concluded that there must therefore have been no variation in the speed of light.
But later, Michelson and Gale demonstrated a phase shift between countertraveling waves. This was a Sagnac effect linear in Earth rotation [3. In the present experiment the sensor SWD looks at countertraveling waves, and the phase shift is 
This would imply some form of variation in c, even if not exactly that described by (3a) and (3b).
Replacing the right-hand side of (3c) with zero and allowing an undetermined proportionality constant on the right-hand side of (4a), we have two relationships that the variation must satisfy. The simplest candidate solution has the same factors as in (3a), but appearing as divisors rather than multipliers: 
A possible interpretation for such a functional form is power series sum: c+ and c_ differ from c by a series of corrections in powers of 13. The 13 in question must then be a scalar quantity, the proiection of vector 13 in the propagation direction.
In effect, we are suggesting here an alternative explanation for the original Michelson-Morley null result; namely, that the variation in the speed of light could have had a functional form different from what they expected and designed that experiment to detect.
NUMERICAL ANALYSIS
In the present experiment phase shifts are produced by variation of the position parameter x. If x is changed by Ax, the phase shifts are witnessed at both PD and SWD as the passage of fringes. With the divisor form of variation in the speed of light, the number of fringes traversing PD is exactly NeD = (vkx/c+ + vkx/c_) -2Axle.. (5b)
With the divisor form of variation in the speed of light these are Ax+ = ~c ( 1 + 13) and Ax_ = Ax ( 1 -13).
The smaller of these limits the number of fringes traversed by SWD. We see
From (5a) and (5d) we see that NswD is smaller than NpD, and we infer that the fringes traversed by SWD are longer than the ones traversing PD. This explains why variation of x causes the dither output at SWD to evolve with respect to that at PD. The accumulation of exactly half a fringe of discrepancy between SWD and PD would move SWD from one side of a fringe to the other and thus produce dither phase reversal in comparison to PD. With (5a) mad (5d) the condition for phase reversal is 
which is indeed consistent with the direction variation tabulated in Eq. (la), given
We proceed to estimate a velocity magnitude defined by 
PHYSICAL INTERPRETA_TIONS
The velocity (7b) replicates the result found and reported earlier by Silvertooth. (8) The inferred velocity is very large indeed and so not easily dismissed as a subtle experimental error. Furthermore, there are possible physical interpretations. The magnitude of the velocity is consistent with the magnitude required to account for the known anisotropy of background cosmic radiation at approximately 3 K and similar to the speed generally believed to correspond to the orbital motion of the Sun in the Milky Way Galaxy.
The result supports a model that involves direction variation in the speed of light. Combining the divisor form of variation in c from (4b) and (4c), the angle variation in 13 from (6b), and the definition of Vo from (7a), we have
The experiment itself is a variation on the Michelson-Morley experiment, differing only by the addition of features that permit investigation of the standing wave in one of the two arms. But the original Michelson-Morley experiment is generally believed to have demonstrated constant light speed. This belief now needs to be refined: the original experiment did not demonstrate constant light speed; it failed to demonstrate variable light speed.
Reinstatement of possibly variable light speed creates a paradox for Einstein's special theory of relativity, insasmuch as constant light speed is one of the postulates required by the theory. What, then, does a demonstration of variable light speed mean? Are there ways in which Einstein's theory is inadequate? For example, does it describe exactly a limit case, and yet fail to describe any physical case, however closely approaching the limit?
Several reviewers have suggested to us that the existence of this paradox may involve the tacit assumption that photon rest mass is zero. The elimination of this assumption opens the door to a possibly more satisfactory physics/I7) in which gravitation and electromagnetics can be successfully unified, divergences can be removed from quantum electrodynamies, intrinsic spin of elementary particles can be better explained, and macroscopic mass circulation can lead to observable electromagnetic effects.
Although not discussed in Ref. 17 , light speed dependent on propaga-tion direction within the rotating galactic plane would qualify as such an electromagnetic effect. It is only because of the assumed zero photon rest mass that anyone even expects the same propagation speed c to apply in all directions, regardless of the underlying rotation velocity. (18) Without zero photon rest mass, underlying velocity should be manifest in a variety of ways. Reference 18 cites another recent experiment (19) as an example: there, a nonzero photon rest mass would produce a frequency shift that would be second-order in 13o. Since our experiment implies a 13o at the level of 10-3, one would look for a frequency shift at the (10-3) 2 = 10 -6 level. The data do indeed seem to show such a shift. Reference 19 holds that the shift is spurious, but Ref. 18 holds that it could, in fact, be real, and now we see that if real, it is apparently consistent with our own results.
To the best of our knowledge, our own experiment is the first to measure an effect that is potentially first order in underlying velocity. There have been many previous attempts, but all of them have produced null results. In each case explaining why the result was null or how the experiment could be altered to reveal what was previously hidden requires a full analysis at the level of detail here committed to just one experiment. While such an exercise is beyond the scope of may single article, we can at least point out here that many of the experiments represent generic types that have been critiqued elsewhere by Tyapkin3 2~
At the moment, all the candidate interpretations of the present experiment seem rather radical, and we do not wish to draw any final conclusion. But we can comment on the situation. Considering the historical importance attributed to the Michelson-Morley experiment, it is very disturbing indeed that additional measurements remain to be wrung from it after so long a time. More disturbing yet is the possibility that those additional measurements admit interpretations that so challenge long-accepted beliefs concerning the possibility of velocity detection by interferometry, the constancy of light speed in all directions, and/or the physical nature of photons.
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